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[FBIS Translated Text] 


Abstract 


Nanoscale composite ultrafine powders (UFPs) with the 
composition of SiC-Si,N, are prepared by a thermal chemical 
vapor-phase reaction. The effects of synthesis parameters on 
the particle size, composition, and structure of the composite 
UFPs are discussed. Nanoscale spherical SiC-Si,N, com- 
posite UFPs of good dispersiveness and uniform grain with a 
minimum size of 89 angstrom have been synthesized. 


1. Introduction 


In the mid-1980s, researchers were greatly interested in 
manufacturing ceramic gas turbines with high-temperature 
structural ceramics SiC and Si,N,, and took seriously the 
synthesis of SiC and Si,N, UFPs.' However, the high- 
temperature strength and ductility of conventional SiC 
and Si,N, ceramics are poor. The task of this investigation 
is the design of ideal material microstructures in order to 
improve the SiC and Si,N, properties. 


Existing research reveals that the properties of SiC-Si,N, 
composites are superior to those of the Si,N, matrix. The 
second SiC phase dispersed in the densified Si,N, matrix 
can deviate the crack propagation, increase the fracture 
energy, and promote the ductility of the material. In addi- 
tion, during sintering, the dispersion phase can prevent the 
migration of grain boundary and the grain growth; and 
consequently, materials with finer grains are obtained.” The 
SiC in the Si,N, matrix can also reduce the oxygen content 


in the matrix, thus the high-temperature mechanical 
strength of the material is more than doubled.* 


Currently, research on preparing the SiC-Si,N, composite 
powder directly from the gas phase is scarce. Junichi Hojo, 
et al.,* of Kyushu University in Japan synthesized nonuni- 
form SiC-Si,N, composite powder from the reaction of 
Si(CH,),-NH,-H, gases. In their experiment, the reaction 
of the gas mixture at 700°C to 900°C produces composite 
powders with Si,N, as nuclei and SiC as shells, having 
particles size 0.05 ym and 0.07 ym; while the reaction at 
1100°C produces composite powders with SiC as nuclei 
and Si,N, as shells, having particle size about 0.02 um. 


In China, Fan Qisheng, et al.,° synthesized SiC/Si,N, 
composite powders with mol ratios from 0.3 to 0.8 by 
thermally decomposing organic silane as precursors. 
After ball milling, the particles are in two sizes: about 
200 nm and greater than 10 um. 


Up to now, there has been no report on the synthesis of 
nanoscale SiC-Si,N, composite powders by the thermal 
chemical vapor-phase reaction method from the SiH,- 
NH,-C,H,-H, mixed-gas system. This study investigates 
the effects of different synthesis parameters on the particle 
size, composition, and microstructures of nanoscale SiC- 
Si,N, composite powders. Under optimum technical 
parameters, nanoscale SiC-Si,N, composite UFPs with uni- 
formly distributed SiC and Si,N, and spherical particles 
have been synthesized. 


2. Experimental Work 


The ultrafine SiC-Si,N, composite powders are synthe- 
sized by the following procedures: The starting gases are 
high-purity silane (10%SiH,, 90%H,), high-purity ethylene 
(99.99%), and high-purity ammonia (99.9%). They are 
mixed according to the proper mol ratio; then, at a fixed 
flow rate, the gas mixture is introduced into a powder 
synthesis system (as shown in Figure 1). When the gas 
mixture passes through the isothermal high-temperature 
zone, the reaction occurs and ultrafine SiC-Si,N, com- 
posite powders are formed. A microfiber filter in the 
system separates the gas from the solid powders. The 
powders are then collected in a flask. 
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Figure 1. Schematic Diagram Showing the Device Used for the Synthesis of UFP 
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The particle sizes, topographical characteristics, and 
agglomerations of the powders are studied with a scan- 
ning electron microscope (SEM). The powders’ crystal- 
lization properties and the phase formation are 
determined with an X-ray diffraction (XRD) spectrom- 
eter and an infrared (IR) absorption spectrometer. The 
powders’ chemical compositions are determined by 
whole-range chemical analysis. The microstructure of 
the powder is observed with a high-resolution electron 
microscope (HREM). 


3. Results and Discussion 


3.1 Effects of Reaction Parameters on Particle Sizes of 
SiC-Si,N, Composite UFPs 


Figure 2 shows the SEM micrograph of the SiC-Si,N, 
composite UFPs prepared under 0.07 MPa pressure in 
the reaction chamber. It shows that the powders are 
spherical, uniformly distributed, and well dispersed. 
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Figure 2. Electron Micrograph of SiC-Si,N, Powder. 
Reaction temperature: 1350°C; gas flow rate: 
400 mL/min; C,H,/SiH, (mol ratio) = 0.6; NH,/SiH, 
(mol ratio) = 5 





Figures 3 and 4, respectively, show the particle sizes of 
the composite powders prepared under different 
chamber pressures and gas flow rates. The figures show 
that the particle sizes of the composite UFPs increase 
with an increase in the reaction chamber pressures and 
the decrease of the reaction gas flow rates. The factors 
that cause the growth of particle sizes are as follows: The 
collision probabilities among the particles increase when 
the chamber pressure is raised; and the low flow rates 
increase the reaction time, thus they extend the product’s 
residence time in the high-temperature zone. 


Figures 5 and 6, respectively, show the XRD spectra of 
the composite powders prepared with altered concentra- 
tions of NH, and C,H, gases. They show that the main 
phases in the powder are obviously a-Si,N, and B-SiC, 
together with free silicon crystals. The increase of NH, 
concentration clearly promotes the a-Si,N,/B-SiC ratio 
in the powders and slightly reinforces the free silicon 
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Figure 3. Effect of Reaction Pressure on Particle Size. 
The reaction conditions are the same as in Figure 2. 
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Figure 4. Effect of Gas Flow Rate on Particle Size. The 
reaction conditions are the same as in Figure 2 (reaction 
pressure: 0.07 MPa) 

















diffraction peaks; while the increase of C,H, concentra- 
tion promotes the B-SiC/a-Si,N, ratio and weakens the 
free silicon diffraction peaks. 


The IR spectr> (Figure 7) illustrates that there exist in 
the composite powders prepared under different condi- 
tions the composite Si-C and Si-N absorption peaks (at 
about 935 cm”', the Si-N absorption peaks (470 cm”'), as 
well as other absorption peaks (induced from the mois- 
ture absorbed in the specimen) in the neighborhoods of 
1640 cm=', 2200 cm™', 2860 cm"', and 3420 cm”. Figure 
8 shows the individual peaks separated from each IR 
absorption composite peak at 935 cm*' (curve 1 of 
Figure 8). The results indicate that the peaks at 935 cm"' 
are indeed Si-C and Si-N composite peaks. 


Table 1 shows the phases and chemical compositions of 
the SiC-Si,N, composite powders prepared under dif- 
ferent conditions. As shown in the table, overly high 
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Figure 5. XRD Patterns of SiC-Si,N, Powder Prepared in 
Different NH,/SiH, (mol ratio). Reaction temperature: 
1350°C; reaction pressure: 0.07 MPa; gas flow rate: 
400 mL/minute; C,H,/SiH, (mol ratio) = 0.6 
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Figure 6. XRD Patterns of SiC-Si,N, Powder Prepared in 
Different C,H,/SiH, (mol ratio). Reaction temperature: 
1350°C; reaction pressure: 0.07 MPa; gas flow rate: 
400 mL/minute; NH,/SiH, (mol ratie) = 5 
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Figure 7. IR Spectra of SiC-Si,N, Powder. The reaction 
conditions are the same as in Figure 5. 














chamber pressure (0.09 MPa) or excessively low reaction 

gas flow rate (200 mL/minute, or 300 mL/minute) will 

induce the non-crystallization of the composite powder.® 

jae formation reactions of SiC and Si,N, are listed as 
ollows: 


C,H, + 2SiH, — 2SiC + 6H, 4 
4NH, + 3SiH, —~ Si,N, + 12H, 4 


Since the decomposition of SiH, is very rapid in the 
reaction process, a small portion of Si(g) does not get a 
chance to react with C(g) or N,(g) which is decomposed, 
respectively, from C,H, or NH;, and consequently the 
Si(g) precipitates as free silicon. Higher NH, coacentra- 
tion in the reaction gas increases the Si,N, forzaation in 
the composite powder. However, since 4 mol of NH, can 
only react with 3 mol of SiH,, there is a relatively greater 
surplus of SiH,, and hence, the free silicon content also 
increases. Higher C,H, concentration in the reaction gas 
increases the SiC formation in the composite powder, as 
shown in the reaction formula. Meanwhile, since | mol 
of C,H, and react with 2 mol of SiH,, the concentration 
of the surplus SiH, decreases, and consequently the free 
silicon content in the composite powder drops. Based on 
the aforesaid findings, the free silicon formation can be 
reduced by changing the concentration ratios of the 
reaction gases and the reaction conditions.° 


3.3 Microstructures of Nanoscale SiC-Si,N, Composite 
UFPs 


The microstructure of SiC-Si,N, composite UFPs is 
analyzed with a HREM. The electron diffraction pattern 
of the composite powder in Figure 9 [not reproduced- 
Jshows very sharp diffraction rings of a-Si,N,(210), 
B-SiC(111), and Si(111). The interplanar crystal spacings 
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Table 1. Crystalline Phase and Chemical Composition of SiC-Si,N, Powders in Different Reaction Conditions 
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are measured from an enlarged HREM image (Figure 4. Conclusions 


10), which shows that the powder particle is composed of 
many SiC, Si,N,, and Si microcrystalline zones with 
different orientations. The result from the HREM image 
is identical with the electron diffraction and XRD 
results. The periphery of each composite powder particle 
is amorphous, because the material along the periphery 
is formed in the later stage of particle growth. When the 
particles are rapidly extracted from the reaction chamber 
and cooled, the amorphous morphology is preserved 
along the periphery. The existence of the amorphous 
regions in the connecting portions between particles 
indicates that the composite powders only agglomerate 
and do not form bonds. 


1. The nanoscale SiC-Si,N, composite UFPs prepared 
by the thermal chemical vapor-phase reaction method 
have uniformly distributed SiC and Si,N, compositions. 
The powder particles are spherical, uniform in size, and 
they have good dispersiveness. The minimum particle 
size is 89 angstrom. 

2. The composite powders are composed of a-Si,N,, 
B-SiC and a certain amount of free silicon. The compo- 
sitions of the composite UFPs can be altered by control- 
ling the gas concentrations of C,H, and NH3. 

3. Each SiC-Si,N, composite UFP particle is composed 
of SiC and Si,N, nanoscale microcrystals with different 
orientations as well as a small portion of crystalline 
silicon. The periphery layers and connecting portions 
between powders are amorphous. 
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Figure 10. HREM image of SiC-Si,N, Particle. 
(3030000 X) A: d = 2.55 angstrom, a-Si,N, (210); B: d 
= 2.51 angstrom, B - SiC (111); C: d = 3.14 angstrom, 
Si (111) 
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Abstract 


This study conducts a systematic investigation of the 
crystallization and phase transformation of iron-oxide 
ultrafine powder (UFP) through the various stages begin- 
ning from the initial formation state until after 800°C 
annealing. The iron-oxide powders are prepared by the 
low-temperature plasma chemical vapor deposition 
method. The results show that the UFP forms B-Fe,O, in 
the initial formation stage, gradually transforms to y- 
Fe,O, and then to a-Fe,O, after annealing, and finally 
transforms completely to a-Fe,0, at 800°C. The phase 
transformation and crystallization processes are slow 
and graduated. 


1. Introduction 


Iron-oxide UFP has superior magnetic properties and 
sensitivity, therefore it is deemed as an important mag- 
netic recording and sensor material.':? Among the 
numerous processes to make iron-oxide UFP, the plasma 
chemical vapor deposition (PCVD) method is consid- 
ered the best. The amorphous Fe,O, UFP used in this 
investigation is made by the low-temperature PCVD 
method. Chemical analysis, differential thermal analysis 
(DTA), thermal gravimetric analysis (TGA), X-ray dif- 
fraction (XRD), and transmission electron microscopy 
(TEM) are employed to systematically study the phase 
structure and topography of the powders in the initial 
formation stage and after being annealed at different 
temperatures. 


2. Experimental Work 


The experiment uses FeCP,-O,-Ar as the original gas 
system for Fe,O, preparation. Solid FeCP, (ferrocene) is 
heated to sublime and is carried by O, and Ar to the 
plasma reaction zone to decompose into very highly 
active free iron radicals. The radicals react with oxygen 
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ions and form Fe,O,. After a period of reaction, dark-red 
iron-oxide powders in loose aerosol form are obtained. 


The iron content of the powder product is determined 
with a Type 722 grating spectrometer (510 nm). The 
DTA and TGA analyses of the powder are conducted in 
air and nitrogen, respectively, with a Rigaku thermal 
analyzer. The powders are divided into batches and 


heated to different temperatures in a tube furnace, 


maintained at those temperatures for one hour, and then 
cooled in the tube furnace, respectively. The spectra of 
the annealed specimens are obtained with a Rigaku 
D/max-rA rotating target X-ray spectrometer. Their 
topographies and corresponding micro-area electron 
spectra are observed with a Hitachi-H800 TEM. 


3. Results and Discussion 


The experiments show that Fe,O0, powders of uniform 
particle size with fairly complete reaction can be 
obtained from the following parameters: emission 
sources frequency, 13.56 MHz; emission power, 200 W 
to 220 W; temperature, 70°C to 80°C; and working 
atmosphere pressure , 60 MPa to 80 MPa. The product, 
as determined by the calorimetric method, consists of 
48.6 percent (in this paper, by mass) Fe**, and 3.6 
percent Fe?*. Since the product is aerosol nanoscale 
amorphous powders, the specific surfaces and surface 
activities of the powders are high. Consequently, the 
surfaces adsorb large amounts of H,O, O,, CO,,° and 
some organic debris. All the impurities amount to 26 
percent of the total mass. Figure | shows the DTA and 
TGA results. The specimen displays an obvious weight 
loss, about 17 percent, in the temperature range of 200°C 
to 340°C; after 340°C, the weight loss continues slowly; 
between 340°C and 800°C, there is about 6 percent loss; 
and the weight loss continues as the temperature rises. 
From room temperature to 800°C, the total weight loss 
of the specimen amounts to about 23 percent, which 
essentially coincides with the value obtained from the 
chemical analyses. The TGA curves in both air and 
nitrogen are identical, but the DTA curves are different. 
The DTA curve obtained from the experiment either in 
air or in nitrogen has two exothermic peaks. The first 
peaks of the specimens tested in air and in nitrogen occur 
at 310°C and 330°C, respectively. The peak tested in air 
has higher intensity, which indicates more noticeable 
heat release. The fact that the first peak in air appears in 
the range of 200°C to 370°C, which corresponds to the 
main weight loss region in the TGA curve, indicates that 
this peak is generated form the combustion of the 
organic debris on the powder surfaces. In nitrogen, the 
combustion is sustained only by the absorbed oxygen on 
the particle surfaces. The insufficient oxidation weakens 
the exothermic peak. In addition, the peak position 
moves to about 20°C higher than the exothermic peak 
position in air. The second exothermic peaks occur 
between 360°C and 480°C. Neither the positions nor the 
intensities of the second peaks are affected by atmo- 
spheric variation. 
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Figure 1. DTA and TGA Curves of Powder 





Figure 2(a) [not reproduced] shows the electron diffrac- 
tions of a micro-zone. The results from the repeated 
measurements of the four fuzzy rings reveal that the 
corresponding d values are 0.267 nm, 0.227 nm, 0.156 
nm, and 0.133 nm, respectively. The d values represent 
neither the lattice plane distances of the y-phase, nor 
those of the a-phase, but they are close to the corre- 
sponding d values (0.272 nm, 0.235 nm, 0.166 nm, and 
0.1416 nm) of B-Fe,0,. Ben-dor, et al.,* prepared B- 
Fe,O, film from iron organic compound by the CVD 
method and pointed out that the B-phase structure has 
been ignored in certain experiments. The fact that all of 
our test data are smaller is probably due to the disper- 
siveness of the fuzzy rings, especially that of the two 
outer rings. The dispersions make the precise measure- 
ment of the ring positions very difficult. In addition, the 
UFPs themselves may have possibly reduced the lattice 
constants. Nicolson? calculated the relationship between 
the MgO lattice constants and the particle size varia- 
tions, and found that the lattice constants decrease by 
about 0.5 percent when the crystal size is 10 nm. The 
decrease in lattice constants is due to the fact that 
smaller particles have higher surface tension, which 
tends to shrink the space lattice. TEM (Figure 3(a)) 
shows that the average diameter of a great number of 
particles is only about 2 nm, which is much smaller than 
the value used by Nicolson’s calculation. Therefore, the 
lattices in the particles of this experiment might have 
shrunk even more. It is worth noting that the decrease of 
the corresponding d values of the two inner rings (Figure 
2) is comparatively small, while the d values of the two 
outer rings decrease by about 6 percent. Given no 
measurement error, it is postulated that the space lattice 
of the UFP may suffer relatively greater deformation and 
may transform toward low symmetry. Further study on 
the theory is required. 
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Figure 3. TEM Photographs of Samples Annealed at Different Temperatures for 1 Hour 





Based on Figures 3 and 4, the measurements of the 
average sizes of particles after annealing at different 
temperatures do agree as shown in Table 1. 





Table 1. Average Size of Particles Annealed at Different 


























Temperatures 
Annealing temperature (°C) Average particle size (nm) 
250 2.0 
350 3.5 
400 4.5 
500 8.0 
600 12.9 
700 18.7 
800 26.4 








The particle growth rate after annealing at below 400°C 
is very slow. Figure 4 shows that after annealing at 450°C 
the specimen begins to crystallize, accompanied with 
phase transformation. The diffraction peaks of the spec- 
imens after 500°C annealing become sharper, which 
indicates that the specimen crystallization continues. At 
this point, the B-phase disappears, and the specimen is 
composed of the y-phase and the a-phase, with the 
y-phase as the predominant phase. As the annealing 
temperature increases, the crystallization process con- 
tinues, and the y-phase gradually transforms to the 
a-phase. At 800°C, the y-phase disappears, and the entire 
specimen is composed of the a-phase. The exothermic 
peaks of DTA curves between 360°C and 480°C are 
exactly induced by the aforesaid crystallization process 
and phase transformation. The atmosphere of the reac- 
tion environment has no bearing on this thermal effect. 
The wide flat exothermic peaks between 480°C and 
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Figure 4. XRD Patterns of Samples Annealed at 
Different Temperatures 





780°C, which are noi affected by the atmosphere, are 
induced by the specimen phase transformation from the 
y-phase to the a-phase, which is also accomplished in a 
very wide temperature range. The transformation of the 
B-phase to the y-phase and subsequently to the a-phase is 
accompanied with grain growth, and the transformation 
process is completed within a comparatively wide tem- 
perature range. This is due to the fact that in the UFP 
material with pure constituents, the microcrystals of the 
structure phase are good nucleation centers. The crystal 
growth is mainly through the boundary reduction, hence 
the process is not drastic. This mechanism is different 
from the rapid phase transformation of the sharply 
chilled amorphous material. 


4. Conclusions 


The Fe,0, UFPs prepared by the low-temperature PCVD 
process from the source system of FeCP,-O,-Ar are in the 
amorphous B-phase. As the annealing temperature 
increases, the B-phase first transforms to the y-phase, and 
subsequently to the a-phase, and then completely to the 
a-phase when the temperature is at 800°C. These two-phase 
transformations proceed gradually in a wide temperature 
range; both produce exothermic effects, and during the 
phase transformations, the crystal grain grows gradually. 
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[FBIS Translated Text] 


Abstract 


SnO, powders with averaged particle size smaller than 10 nm 
are prepared with a microwave plasma chemical vapor dep- 
osition method. No earlier report on this method of preparing 
SnO, powders has been found. The X-ray photoelectron 
spectroscopy (XPS) analysis shows that the particle’s electron 
structure has undergone changes. 


I. Introduction 


In 1962, Seiyama, et al., reported making sensors uti- 
lizing the gas-sensitive effect when a SnO, n-type semi- 
conductor comes in contact with the combustible gas. 
There have been frequent studies conducted on the 
metal oxides SnO, as gas sensor materials. SnO, can be 
prepared by conventional chemical vapor deposition 
(CVD), vacuum deposition, or vacuum sputtering. The 
conventional CVD method requires a high deposition 
temperature, which affects magnetic properties. As to 
the other two methods, gas phase oxidation is needed 
after evaporation or sputtering. Because both of these 
other methods use the ultrafine technique, powders from 
these methods have smaller averaged particle size, 
greater surface energy, and lower working temperature, 
hence devices made from these powders can be multi- 
functional and integrated. The ultrafine-powder (UFP) 
technique, especially the synthesis of the UFP, could 
create in the functional ceramic materials brand new 
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functional properties.’ This stimulates great interest 
among concerned researchers. Nanomaterials, whose 
structures and properties are different from those of the 
general bulk materials, have been studied by materials 
scientists in recent years. Because of their surface effects 
and volume effects, nanomaterials have many special 
properties. As these special properties are related to the 
material’s microstructure, research efforts on nanomate- 


rial structures have multiplied. 


This investigation has prepared SnO, nanoparticles by a 
microwave plasma low-temperature CVD method, using 
SnCl,-5H,O as the raw material. The structure of the 
product is studied with XPS to examine the difference of 
its electronic structure from that of the bulk material. 


II. Experimental Method 


1. Preparation of SnO, Nanoparticles 


We use a locally designed and modified 2450 MHz, 800 W 
microwave plasma CVD device (as shown in Figure 1). 
The raw material is SnCl,-5H,O. In an oxygen atmo- 
sphere, under controlled flow of O, and input of SnCl,, 
SnO, powders of various sizes and SnO, thin films deposit 
on substrates made of quartz, copper, or graphite. Table 1 
shows the typical experimental parameters. 


with the XRD results. The electronic structure is ana- 
lyzed with a multifunction electron spectrometer. 


3. Results and Discussion 


This study investigates the particle size and the elec- 
tronic structure of SnO, as affected by parameters such 
as microwave power, substrate position, reaction 
chamber pressure, and input quantities of the reaction 
materials. There are two main parameters that control 
crystal sizes. One is the in-flow of the raw reaction 
materials, which can be controlled by the temperature 
for the evaporation of SnCl,-5H,O. Higher raw material 
in-flow rates produce larger grains, and lower in-flow 
rates, smaller grains. The other is the position of the 
substrate stage. When the stage is high, it is close to the 
microwave plasma zone. Because the stage absorbs the 
waves, and is affected by plasma radiation, larger SnO, 
particles are forrmed. When the stage position is low, 
smaller SnO, particles are formed. SnO, powders with 
particle size below 10 nm are made by properly adjusting 
the aforesaid parameters. 


Figure 2 shows the XRD spectra of the SnO, powder 
with coarse grains and nanoscale grains, respectively. 
The XRD diffraction peaks of the coarse-grain SnO, 
powders (Specimen No. 1) are very similar to those of 
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Figure 1. Flow Chart of Microwave Plasma CVD Device 








Table 1. Typical Experimental Parameters 




















Reaction gas O?2 + SnCl4 

Substrate temperature (°C) 100-300 

Gas pressure (Torr) 10°!.100 

Substrate Quartz, copper, graphite 
Gas flow quantity (sccm) 20-400 





2. Electronic Structure Investigation 


The qualitative analyses of SnO, particles of different 
sizes made by the microwave plasma method are con- 
ducted by X-ray diffraction (XRD). The particle diam- 
eters are measured with a Hitachi H-600STEM/EDX 
transmission electron microscope (TEM), coordinated 


the bulk material. The diffraction peaks of the SnO, 
nanoscale powders have obviously widened. Based on 
the XRD theory, the averaged particle diameter is cal- 
culated to be below 10 nm, which is identical to that of 
particles observed with an electron microscope. 


Specimens | and 2, respectively, are analyzed with the 
XPS complete spectra and 3d electron spectra. The XPS 
spectra indicate that the prepared SnO, specimens are 
purer, essentially without impurities. Figure 3 is the XPS 
complete spectrum of Specimen 2. Figure 4 shows the 3d 
electron energy spectra of Specimens 1 and 2, which 
indicate that, as compared with the standard 486.8 
3d5/2 energy level, the energy shifts of these two speci- 
mens are 0.4 eV and 1.05 eV, respectively. These values 
reflect the internal electronic structure changes. Using 
the SnO electron binding energy Sn 3d5/2 (486.8 eV) as 
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Figure 2. XRD Spectra of SnO, 
a reference, we postulate that the increase of the electron III. Conclusion 


binding energy is caused by the particle surface oxygen 
atom deficiency, resulting from the specific surface 
expansion when the particle diameter shrinks. Further 
understanding of the SnO, nanoparticle microstructure 
should be coordinated with theoretical research results.‘ 








2.70 





Counts Per Second( x 105) 











0.00 200 400 600 800 1000 1200 
Figure 3. Complete XPS Spectrum of SnO, Nanoscale — 
Crystal 














The application of a materia! is limited by its properties, 
and good material properties are related to the explora- 
ticn and utilization of new technology. Utilizing the new 
technique oi microwave plasma CVD, the authors have 
prepared SnC’, nanoparticles of averaged particle diam- 
eter smaller than 10 nm. Furthermore, the powder’s 
electronic structure is analyzed. The relationship 
between material structure and properties will be studied 
in the future. 
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[FBIS Translated Text] Gleiter, et al.,' first synthesized 
nanoscale crystalline materials by the vapor condensation 
method. Recently, Lu Ke, et al.,° developed a crystalliza- 
tion method to prepare nanoscale materials from amor- 
phous alloys. Since the high-density boundary constituents 
of nanoscale crystalline materials have a structure similar 
to the gas phase, which is in neither a long-range order nor 
a short-range order, we can anticipate that this new mate- 
rial would demonstrate many superior properties that are 
different from the properties of crystalline or amorphous 
materials. In recent years, research on the preparation as 
well as on the properties and structures of nanoscale crystal 
materials has stimulated great interest. This investigation 
presents a new method to prepare nanoscale crystalline 
materials. The amorphous material is crystallized into the 
nanoscale crystalline material by treating it with a high- 
intensity pulse current. Compared with the crystallization 
method, this method does not require high-temperature 
annealing. The adjustment of the pulse current parameters 
controls the crystal nucleation and growth to form nanos- 
cale crystals. The rise of specimen temperature from the 
joule heat generated by the pulse current is far lower than 
the crystallization temperature of the amorphous alloy. 


1. Experimental Work 


The specimens in this investigation are Fe,,B, ,Si, (Met- 
glas 2605S-2) amorphous strips, 20 pm thick and 10 mm 
wide. The interior crystallization temperature is not lower 
than 480°C/2h.* The high-intensity pulse current is sup- 
plied with a multi-purpose d.c. pulse generator. Table | 
shows the pulse treatment conditions. During the pulse 
treatment, the specimen temperature is measured with a 
platinum (Pt) thin-film heat-sensitive resistor. (During the 
temperature measurement, the heat resistor is pressed 
against the amorphous strip surface with a plate spring.) 
The temperature is displayed on a digital thermometer 
with a precision of +/-1 C. The complete process is con- 
ducted in open air. The amorphous properties of the 
specimens in the quenched state as well as the phase 
composition and grain size of the crystallized specimens 
are measured with an X-ray diffractometer and a transmis- 
sion electron microscope (TEM). The X-ray diffractometer 
is a Type D/MAX-RB (CuKa) made by Rigaku of Japan. 
The TEM is type JEM-100CX, with an accelerating voltage 


of 100 kV. The TEM specimen is prepared with an ion 
thinning device. Both the single-surface aid the double- 
surface thinning processes are adopted to collect the sur- 
face material as well as the interior material of the pulse- 
treated specimen for TEM analyses. 





Table 1. Electrical Pulse Treatment Conditions 




















Specimen Fe7gB 1 3Sig 
Current density / (A/mm) 1,800 
Pulse frequency v (Hz) 20 
Pulse width ty (4s) 40 
Treatment time tp (min) 65 
Specimen temperature 7 (°C) 220 








2. Results and Discussion 


Figures | and 2, respectively, show the X-ray spectrum 
and the TEM photos with corresponding electron dif- 
fraction pattern of the treated specimen. Both figures 
show that after the electric pulse treatment, the specimen 
is completely crystallized and forms a perfect nanoc- 
rystal structure. The degrees of crystallization for both 
the surface and the interior of the thin strip are identical 
(Figures 2(a) and (b)). Both crystal phases have uniform 
crystal diameters, averaged between 70 nm and 80 nm. 
The X-ray spectrum analyses show that the crystal 
phases are a-Fe(Si) solid solution as well as Fe,B and 
Fe,B compounds, respectively. However, we observed 
that compared with nanocrystals prepared with other 
methods, the nanocrystals by our method display very 
different boundary constituents. The TEM observations 
show that our boundary images are not sharp, and there 
exist some subcrystalline boundaries. Inside the crystal 
phase there are comparatively more dislocations. In 
addition, the metastable Fe,B as a crystallization 
product still exists in the specimen. 


We must mention that the specimen temperature in Table 
1 is the averaged steady surface temperature measured 
during the pulse treatment. It is impossible to measure the 
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Figure 1. X-ray Spectrum of the Specimen Treated by 
Pulse Current 
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(c) Electron diffraction 
pattern corresponding to (a) 








Figure 2. TEM Photos of Specimen Treated by Pulse Current 





interior temperature directly when the specimen is only 2 
m thick. The images of the surface crystallization and 
interior crystallization in Figures 2(a) and 2(b), respec- 
tively, reveal that their crystal sizes show no apparent 
difference. This indicates that the difference between the 
surface temperature and the interior temperature is not 
significant. Besides, while the temperature was being mea- 
sured, there was no discernible temperature fluctuation 
due to the pulse current; however, we can approximately 
calculate the fluctuation. As the pulse width is 40 ys, it is 
reasonable to assume in the calculation that the tempera- 
ture rise, AT induced by the pulse-generated joule heat is in 
an adiabatic condition. Then AT can be readily calculated 
from the equation: AT = J’p,t,/(pc), where J is current 
density; p., resistance; p, density; c, specific heat, and t,, 
pulse width From this equation, the instantaneous tem- 
perature rise from each single pulse is calculated to be 
about 50°C. When the pulse treatment reaches a stable 
stage, the joule heat from the pulse current equals the sum 
of all the different heat dissipations. When the specimen 
temperature is maintained at the stable stage of 220°C, the 
maximum temperature fluctuation is estimated to be 50°C, 
Another important point is that although the specimen 
treatment lasts 65 minutes, yet in the complete pulse 
treatment period, the actual current flowing time (tq 
flowing time (tg = Vt,t,) is very short, only 3.12 seconds. 
The fact that Fe7,B, bio amorphous alloy can achieve its 
nanoscale crystallization in such a short time and at such a 
low temperature indicates that the process of crystallizing 
the amorphous Fe;,B,,Si, alloy into the nanocrystal alloy 
by pulse current treatment is a new method, different from 
the conventional high-temperature annealing crystalliza- 
tion method.’ In other words, the crystallization is accom- 
plished through the d.c. current, not merely caused by the 
joule heat generated from the pulse current. 


At present, the crystallization mechanism is not clear to us. 
However, we can postulate that the periodical directional 
movement of the large amount of electrons in the specimen 
and the magnetic disturbance caused by this movement 
would affect the spin magnetic moment orientations of the 
electrons in the 3d shell of Fe atoms in the amorphous alloy. 
This effect could possibly weaken the hybrid bonds‘ 


between the s-d orbits in the transition metal atoms and the 
s-p orbits in the quasi-metal atoms, and efficiently lowers 
the potential barrier to the formation of crystallization 
nuclei; consequently, numerous crystal nuclei are created. 
At the same time, the nuclei grow to the crystal phase when 
driven by the “electron wind’ and heat activated by the 
current. However, the short crystallization period and the 
low temperature make it difficult for the atoms to achieve 
long-range diffusion. As a result, a certain amount of sub- 
structure exists in the boundary constituents, relatively 
numerous dislocations still remain inside the crystals, and 
the metastable Fe,B phases are not able to transform 
completely to the stable a-Fe and Fe,B. Further study of the 
nanoscale crystallization mechanism by pulse current treat- 
ment, as well as the boundary structure and the physical 
property of nanoscale crystal alloys, is in progress. 


3. Conclusions 


Fe,,B,,Si, nanoscale crystal alloy has been prepared 
from an amorphous alloy by a pulse current treatment. 
This new method is different from the high-temperature 
annealing crystallization method. The pulse current 
treatment evidently promotes the nucleation rate and 
the growth rate of the amorphous alloy crystallization, 
and greatly lowers the crystallization temperature of the 
amorphous alloy. 
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[FBIS Translated Text] Debate on the bainite phase 
transformation mechanism has been extremely long and 
contradictory in the field of solid phase transformation. 
Two separate schools, one advocating the shearing 
theory and one advocating the diffusion theory, have 
launched tremendous research efforts on the topic. Both 
schools have reached their respective conclusions, but 
from opposite viewpoints. ':? 


In the 1960s, Aaronson of the United States introduced 
the theory that through the step growth mechanism, 
crystals that are formed by vapor condensation or liquid 
solidification transform into solid phase,’ and estab- 
lished a model of step growth controlled by diffusion. 
From this, he successfully explained many experimental 
phenomena of platillite phase and bainite phase trans- 
formations. Since then, step structures have been found 
in the bainites of many types of steel and nonferrous 
alloys. These findings provide an experimental basis for 
the diffusion mechanism. However, past experimental 
observations have focused only on the giant steps on the 
wide bainite planes where the step heights are about 100 
nm, hence the shearing school is dubious about step 
mobilizations.* Until now, there has been no report of 
step structure observation on the bainite front edge. In 
addition, since the nascent bainites carry enormous 
information on the surface features of phase transforma- 
tion characteristics, the study of nascent bainite has 
become a focal point in the transformation field. At 
present, the debate centers on whether there are faults, 
twins, or other defects having shearing symptoms in the 
nascent bainite. We have discovered that the nascent 
bainite of Cu-Zn-Al alloy does not contain defects such 
as faults, etc.,° and that nanoscale growth steps exist on 
the wide bainite planes. To further reveal the phase 
transformation characteristic of bainite, this study inves- 
tigates the nascent state of Cu-Zn-Al bainite, especially 
the growth front. For the first time, we have observed a 
series of nanoscale growth steps of the same size as that 
of the unit cell (orthorhombic structure, in which C = 
1.91 nm) existing at the front edges of the bainite plates. 
This observation provides an important basis for the 
basis of the bainite phase transformation mechanism. 


The compositions (weight percent) of the experimental 
alloys are Cu-25.9Zn-3.75Al (Alloy 1), and Cu- 
27.1Zn-3.6Al (Alloy 2). The specimens are heated at 
800°C and 750°C, respectively, for 5 minutes and then 
quenched in water at room temperature. Subsequently, 
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the specimens are soaked in a 350°C salt bath for 
different periods of time to obtain bainite transforma- 
tions. Their microstructures are observed with a JEM- 
200CX transmission electron microscope with an 
acceleration voltage of 200 kV. 


1. Growth Steps on Wide Bainite Planes 


Figure 1 shows the structural morphology of the Alloy 2 
nascent bainite a,. The stripes with the same thickness 
show that on each wide bainite plane there exist three- 
dimensional steps, as indicated in the figure. The heights 
of the steps are about 10 nm. In addition, when the 
specimen is repeatedly tilted on the double-tilting stage, 
no plane fault, twin, or other defects are observed in the 
bainite. This indicates that the growth of bainite in the 
nascent stage is not through the shearing mechanism but 
the step growth meclianism. 












we eo ae 
Figure 1. Three-Dimensional Steps in Nascent Bainite 
(Alloy 2, 350°C, 15 seconds) 











Figure 2(a) shows the morphology of the boundary 
between the bainite of Alloy 1 and the matrix. It is the 
dark-field image obtained by utilizing the 215, spot in 
Figure 2(b). Figure 2 reveals that in addition to the giant 
step A of about 80 nm high on the wide bainite plane, there 
are other such smaller steps of about 2 nm high on the left 
of the plane as indicated in the photograph. 





(b) Diffraction spectrua 


(a) Dark-field image 
Figure 2. Steps on Wide Bainite Plane 
(Alloy 1, 350°C, 3 minutes) 
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(b) Bright-field image 








Figure 3. Step Structure on Bainite Growth Front (Alloy 2, 350°C, 15 seconds) 





2. Nanoscale Steps in Bainite Growth Front 


The proceeding chapter deals with observations on the 
step structure on the wide bainite plane. Similarly, the 
following experiment reveals that a series of steps also 
exists in the bainite growth front. Figure 3 displays the 
morphology of the bainite growth front. Figure 3(a) is the 
dark-field image. Figure 3(b) is a further magnified 
bright-field image of the specimen at a certain tilted 
angle. Figure 3(a) clearly displays that in addition to a 
row of 2 nm steps on wide plane A, many steps appear in 
the growth front. The step heights of rows B and C are 
relatively small, below 10 nm in both cases. The bainite 
macro-morphology changes from a coarse structure to a 
fine structure in a discontinuous step fashion (as shown 
by the morphologies at locations A, B, and C in Figure 
3(a), respectively). These observations indicate that the 
growth steps of bainite are mobile. An especially impor- 
tant feature is that two small steps, C and D, both 2 nm 
high, appear respectively on the step face A and step riser 
B of the giant step. 


Based on the step theory, a step with a height of a single 
atomic cell is called a structure step. It is an immobile 
step induced by the drop of boundary energy in order to 
improve the degree of mutual lattice sharing between 
two phases. The step whose size is greater than that of an 
atomic unit cell is called a growth step, which is mobile. 
The new phase grows through the movement of the 
growth step in lateral direction along the wide plane. 
Because the growth steps observed in the past are gener- 
ally taller, they are also called giant steps. It is necessary 
to point out that the unit cell of the alloy bainite 
observed in this investigation is relatively large, with a C 
value of 1.91 nm. The heights of the steps in the A, B, 
and C series in Figure 3(a) are from 2 nm to 10 nm. The 
above indicates that the measurements of the steps are 
slightly larger than the measurement of the unit cell; 
however, the growth steps have the same order of mag- 
nitude. Modern step theory further assumes that both 
the face and the riser of a giant step either partially or 
completely share a lattice’; therefore, they are both 
immobile, except that kink defects and small steps 


usually exist on the step faces of giant steps. The heights 
of the kinks are about the size of several atomic layers. 
The step faces are not mutual-lattices. The non- 
mutual-lattice step faces are mobile, and their move- 
ments lead to the growth of new phase.’ The experiments 
of this investigation have also achieved similar results. 
The heights of steps C and D in Figure 3(b) are about 2 
nm, which is very close to the unit cell size of bainite. We 
can postulate that steps C and D in Figure 3(b) are 
exactly the small steps or kinks composed of several 
layers of atomic unit cells. The movements of the small 
steps and kinks cause the steps to migrate, resulting in 
bainite growth. 


In conclusion, this investigation has discovered that 
nanoscale growth steps in the same order of magnitude 
as the unit cell exist on the wide plane and the growth 
front of the nascent bainite of Cu-Zn-Al alloy. This 
observation further proves and enriches the develop- 
ment of the theory of the bainite step growth mechanism. 
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Interface Polarization Behavior, Mechanism in 
Nanoscale Amorphous Silicon Nitrides 
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[Article by Wang Tao [3769 3447] and Zhang Lide [1728 
4539 1795], CAS Institute of Solid State Physics, Hefei, 
230031; MS received 12 may 93, revised 8 Feb 94] 


[FBIS Translated Text] A new solid material, nanoscale 
amorphous silicon nitride, is made by pressing the nanoscale 
amorphous particles. Its interface takes up a large fraction of 
the product. This new solid material exhibits special charac- 
teristics not found in conventional silicon nitride, which is a 
good insulator. Silicon nitride made by conventional hot- 
press sintering or reactive sintering has a dielectric constant 
of 8.36. At room temperature this constant is not effected by 
the frequency whether the silicon nitride is crystalline or 
amorphous.' So far, there has been no research reported on 
the dielectric behavior of nanoscale amorphous silicon 
nitride. This study conducts systematic investigations of the 
dielectric behavior of nanoscale amorphous silicon nitride, 
and the mechanism that prompts this special behavior. 


1. Experimental Method 


The nanoscale amorphous silicon nitride powder is supplied 
by the CAS Anhui Institute of Optics and Fine Mechanics. 
The powder is made by the laser-induced chemical vapor 
deposition method (LICVD). The nanoscale amorphous 
silicon nitride solid is made under a predetermined high 
pressure ranging from 150 MPa to 1.15 GPa. The transmis- 
sion electron microscope (TEM) observation shows that the 
particle size of nanoscale amorphous silicon nitride is 15 
nm. The dielectric constant is measured with a Type Il 
dielectric spectrometer. The measuring range is 3-10°Hz. A 
Type ER-200-SRC electron spin resonance (ESR) spectrom- 
eter with a resolution of 9 x 10“mT made by the Bruker 
Company of Germany is used to conduct the experiment at 
room temperature. The microwave power is 20.3 pW; 
scanning range, 100 Gs; and scanning time, 100 seconds. 


2. Measurement Results 


In order to study the effect of interface structure of nanos- 
cale amorphous silicon nitride on its dielectric constant, the 
specimens of nanoscale amorphous silicon nitride solid are 
divided into two groups. The specimens in Group | are 
made by applying identical pressures, but heat treated at 
various temperatures, respectively. The specimens in Group 
2 are made under various pressures, respectively. 


Figure | shows the dielectric constants as affected by the test 
frequencies of specimens made under different pressures. 
Curve | in Figure | represents the corresponding unsintered 
specimen of particle size 15 nm. When f < 1000 Hz, all the 
dielectric constants of the specimen are very high, much 
higher than those of conventional amorphous silicon 
nitride, but the constants decrease rapidly with the increase 
of test frequency. This observation shows that when f < 
1000 Hz, the dielectric constant of nanoscale amorphous 


15 


silicon nitride is strongly affected by frequency change, but 
when f > 1000 Hz, the influence of frequency is not 
significant. Curve 2 represents the results from specimens 
made under 150 MPa. When f < 1000 Hz, each of the 
dielectric constants is smaller as compared with those of 
Curve 1. When f > 1000 Hz, each of the dielectric constants 
of Curve 2 is independent of frequency and tends to merge 
with those of Curve 1. 
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Figure 1. Room-Temperature Dielectric Constant Vs. 
Frequency. Specimens are prepared under different 
pressures. Curves 1 and 2 correspond to 1.15 GPa and 
150 MPa specimens, respectively. 





Figure 2 shows the room temperature dielectric con- 
stants as affected by the test frequencies of specimens (of 
various particle sizes) sintered at different temperatures. 
both specimens are pressed at 1.15 GPa. Curve 1 in 
Figure 2 is identical with Curve | in Figure 1. 
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Figure 2. Room-Temperature Dielectric Constant Vs. 
Frequency of Specimens With Different Diameters. 
Curves 1 and 2 correspond to 15 nm and 1 pm 

* gpecimens, respectively. 
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The specimen for Curve 2 in Figure 2 is sintered at 1600°C for 
4 hours in a nitrogen atmosphere. TEM observation reveals 
that the particle size is 1 ym. The specimen has essentially 
become conventional silicon nitride and its dielectric con- 
stant is basically independent of frequency changes. 


From Figures | and 2, we can see that f = 1000 Hz is the 
dividing line for the dielectric constant of nanoscale silicon 
nitride. The dielectric constant depends heavily on the test 
frequency when f < 1000 Hz, while the constant is 
independent of frequency when f > 1000 Hz. In other 
words, the strong dielectric property of nanoscale silicon 
nitride occurs only at low frequency. 


Table 1 shows the electron spin densities and g factors of 
Group | specimens. It reveals that higher pressure 
results in higher spin density. Table 2 shows the electron 
spin densities and the g factors of Group 2 specimens. It 
reveals that the spin density becomes smaller when the 
sintering temperature is raised (i.e., when the particle 
size becomes larger). 





Table 1. g Factors and Spin Densities of Specimens 











Prepared Under Different Pressures 
Pressure g Spin density (10!8cm-3) 
1.15 GPa 2.0051 5.93 
150 MPa 2.0046 3.53 














Table 2. g Factors and Spin Densities of Specimens With 




















Different Particle Size 
Particle size € Spin density (cm">) 
15 nm 2.0051 5.93 x 10!8 
1 um 2.003 7.5x 10!5 
3. Discussion 


Si,;N, is a covalent-bond compound. Because of the 
location difference of the atoms on the surface and the 
atoms in the interior, the degree of covalent-bond satu- 
ration varies. The surface atoms form suspended val- 
ances due to the shortage of one or more electrons. The 
resonance of electron spin is very sensitive to the 
unpaired electrons. Since the suspended valances are of 
the unpaired electron structure, the suspended valance 
structure can be clearly understood with the ESR spec- 
troscopy. The ESR spectrum has two important param- 
eters. One is the g value, indicating the type of suspended 
valance. The other is the integrated intensity of the 
spectrum line, reflecting the quantity of the suspended 
bonds. ESR spectrum research? on silicon nitride thin 
films prepared by the various conventional CVD 
methods shows that the high interface density of the 
silicon nitride films creates a large amount of suspended 
bonds, which results in high spin densities in the magni- 
tude of about 10'7-10'%/cm°’. Warren’ took the ESR 
spectrum of Si,N, particles about 1 pm large, and 
measured their spin density to be 7.5 x 10'°/cu*. The 
surface weight of a microscale silicon nitride particle is 
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smaller, the particle suspended bonds are fewer, and the 
spin density is small. However, the heavy surface weight 
from the small particles of nanoscale amorphous silicon 
nitride produces a great amount of interface suspended 
bonds. Therefore, compared with microscale silicon 
nitride, the spin density of the nanoscale particle is about 
2-3 orders of magnitude higher, as shown in Table 2. 


At lower preparation pressure (150 MPa), there is no 
substantial distortion of particle surfaces after the transfor- 
mation of powder surfaces to interfaces. As the pressure 
increases, more distortions occur on the particle surfaces, 
and more suspended bonds are formed. Consequently, both 
the spin density and the g value show increases. These 
changes indicate that during the surface distortion process, 
both Si-Si, suspended bonds and N-NSi, suspended bonds 
are formed. Since the Si-SiN, suspended bonds are more 
stable than both the Si-Si, suspended bonds and the N-NSi, 
suspended bonds, the Si-SiN, suspended bonds remain free 
from distortion.‘ 


Based on the dielectric theory, a dielectric substance with a 
strong dielectric property must have the same dipole 
moment orientation in the electric field. Therefore, a strong 
dielectric property exists only in a crystal with orderly 
arranged atoms. An amorphous substance with randomly 
arranged atoms cannot have a strong dielectric property. 
Nevertheless, the dielectric test results of the nanoscale 
amorphous solid show that the nanoscale amorphous silicon 
nitride displays a strong dielectric property when f < 1 kHz. 
The traditional theory is inadequate to explain the strong 
dielectric property as displayed in highly disordered nano- 
scale amorphous silicon nitride. This strong dielectric prop- 
erty is very likely related to the unique polarization mech- 
anism of the interface polarization of nanoscale materials. 
The interface polarization is induced by the formation of 
dipole moments from suspended bonds. The study of nano- 
scale silicon nitride ESR spectra reveals that a large amount 
of suspended bonds exist in the nanoscale material inter- 
faces. The ESR spectra of amorphous silicon nitride injected 
with Krick-charge shows that the suspended bonds have the 
capability of binding the space electric charges. The large 
amount of suspended bonds, resulting from the high per- 
centage of interfaces in the nanoscale material, binds 
numerous space charges. However, the binding force is very 
weak and only weakly bound space charges are formed. Due 
to the above, under the influence of an outside electric field, 
it is easy to form unidirectional dipole moments. As the 
establishment of space charges requires a long time, the 
relaxation time is long. This is why at low frequency, e.g., f 
< 1000 Hz, the material expresses a strong dielectric 
property. Due to the particular structure of the nanoscale 
materials, materials of regular polarity or weak polarity may 
change into materials of very strong polarity. In the low- 
frequency range, the interface polarity induced by the dipole 
moment can keep up with the change in the outside electric 
field; hence the interface polarity is very sensitive at low 
frequencies. The phenomenon explain the drastic increase 
in the dielectric constant of materials at low frequency. As 
the frequency increases, i.e., f > 1000 Hz, the interface 
polarization cannot keep up with the changing electric field; 
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hence interface polarization is of no consequence. The 
material behavior shows no obvious difference from that of 
conventional silicon nitride, and the material dielectric 
constant is not affected by test frequency. 

When the preparation pressure is high, the material particle 
surface distortion is more severe, the amount of suspended 
bonds increases and the number of bound space charges 
increases. Under the influence of an outside electric field, the 
dipole moments are strengthened; consequently, the dielectric 
constants increase. When the sintering temperature is high, the 
particle sizes become larger, the interface portion decreases and 
the particle distortion is reduced. As a result, the amount of 
suspended bonds decreases, the dipole moment is weakened, 
and the material dielectric constant drops. 


4. Conclusions 


1. Compared with that of conventional silicon nitride, the 
dielectric constant of nanoscale amorphous silicon 
nitride is greatly enhanced. Its magnitude of increase 
varies with the test frequency. This phenomenon is 
coated tn the tees niin af caanentill taney on Op 
interface of nanoscale amorphous silicon nitride . 


2. Higher sintering temperature coarsens the silicon 
nitride particle size, reduces the number of suspended 
bonds, and lowers the material dielectric constant. 


3. Lower preparation pressure reduces the number of sus- 
pended bonds, resulting in lower material dielectric 
constant. 
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{FBIS Translated Text] 


Abstract 


Amorphous Ni-Ti alloy nanoparticles are prepared by the 
gas-phase evaporation method. The parameters affecting 
the formation of amorphous Ni-Ti alloy nanoparticles are 
studied. The surface features of the amorphous alloy nano- 
particles are investigated by the transmission electron 
microscope, high-resolution electron microscope, X-ray dif- 
fractometer and energy spectrometer. The research results 
reveal that it is easier to form amorphous particles when 
their compositions are in the neighborhood of eutectic 
NigoT igo. Relatively low inert gas pressure and high evapo- 
ration temperature are favorable to the formation of amor- 
phous Ni-Ti nanoparticles. 
[Introduction] Wonterghem,' et al., first used a chemical 
method to prepare 8.5 +/-1 nm Fe-C amorphous alloy 
nanoscale particles, and subsequently Fe-B and Fe-Co-B 
icles. Weissmuller” and Jing,’ et al., prepared Au- 
Si and Pd-Si-Fe amorphous alloy nanoparticles by the 
gas-phase evaporation method, and further made amor- 
phous nano-solid material by the in-situ compacting 
method. Since ihe amorphous alloy nanoparticles possess 
the combined characteristics of nano-size, amorphous struc- 
ture, and alloying, they display numerous new and striking 
physical and chemical properties. The emergence of the 
amorphous alloy nanoparticles is bound to promote the 
development of metastable striiciural materials and the 
condeused state theory. These umorphous alloy particles 
carry special theoretical and practical meanings. 


The gas-phase evaporation method is capable of making 
particles with sizes of a few to a few dozen nanometers, or 
even a few dozen microns. Through different cooling 
speeds in the preparation process, this method can also 
produce particles with structures of different nonequilib- 
rium phases, including the amorphous phase, or equilib- 
rium phases. In addition, the particle surfaces made by this 
method are clean, with low impurity contents, and the 
method is simple. However, alloy compositions are much 
affected by the vapor pressure of each component, hence 
fractional distillation tends to occur; therefore it is difficult 
to control the exact alloy composition. Moreover, the 
absolute majority of amorphous states can only exist as 
alloys with compositions within a specific range. There- 
fore, it is difficult to make amorphous alloy particles by the 
gas-phase evaporation method.‘ Although this method 
requires only simple equipment, the selections of parame- 
ters for different devices are quite varied, even when the 
particles that are produced are identical. Therefore, in 
order to prepare good-quality amorphous particles, the 
effects of various parameters on the amorphous formation 
of the particles have to be systematically understood. 


1, Experimental Work 


The amorphous Ni-Ti alloy nanoparticles are prepared by 
the evaporation-condensation method conducted in an inert 
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Figure 1. Morphology of Nanoparticles of Amorphous Ni-Ti Alloy, 0.1 kPa He, 2000°C. 





atmosphere environinent. Reference 5 describes the exper- 
imental setup. The heating source is a tungsten boat. Both 
Ni and Ti are of 99.9 percent purity. The experiment was 
conducted in the following manner. The working chamber is 
evacuated to a vacuum of 2.4 x 10°Pa with a diffusion 
pump. The butterfly valve is closed, and helium is intro- 
duced into the chamber to a pre-set pressure. The current is 
passed through the tungsten boat to create heat until the 
boat reaches the pre-set temperature (an infrared radiation 
thermometer is used to measure the evaporation tempera- 
ture). The Ni-Ti particles formed from the evaporation 
deposit on a collecting plate cooled by liquid nitrogen. The 
distance between the evaporation source and the collecting 
plate is 3 cm. A Phiiips Type EM420 transmission electron 
microscope (TEM) is used to observe the particle size and 
topography, as well as to perform electron diffraction anal- 
ysis and to measure the alloy particle composition by the 
energy spectrum. A JEOL Type 2000EX TEM with a point 
resolution of 0.21 nm is used to study the hyperfine struc- 
ture of the particles. The TEM specimen is made by 
scooping up the ultrasonically dispersed particles with a 
graphite film-coated copper wire net or microgrid. A Type 
D/max-rA diffractometer with CuKa radiation is used for 
X-ray diffraction (XRD) analyses of the particles. 


2. Results and Discussion 


2.1 Topography of Amorphous Ni-Ti Alloy Nanoparticles 


Figure | shows the typical topography of amorphous 
Ni-Ti alloy nanoparticles, each with smooth surface and 
spherical shape, with a size of around 3 nm. Some 
particles appear in dumbbell shape, an indication that 
some aggregations and growths have occurred.® The 
widened XRD scattered peaks (Figures 2(a) and 2(b)), 
the dispersed electron spectrum rings (Figure 1(b)), and 


the absence of crystalline characteristic of the wave 
pattern in the HREM image (Figure 1(c)) all indicate that 
the particles are of amorphous structure. The TEM 
observation results, which agree with the XRD analysis 
results, reveal that the particle size increases with the 
increase of evaporation temperature and helium pres- 
sure. In each production batch, there are always a few 
large particles having the crystal structure. It is possible 
that these particles are formed after numerous collisions 
among the atoms. The formation takes a long time and 
the cooling speed is slow; consequently, solidification 
approaches equilibrium. 


2.2 Effect of Master Alloy on Formation of Amorphous 
Ni-Ti Alloy Nanoparticles 


The Ni/Ti powders are divided into batches and mixed 
in the composition of 20/80, 30/70, 40/60, and 50/50, 
respectively. Each batch is heated and evaporated in the 
working chamber. The XRD analysis shows that a pure 
Ni peak appears in every batch. This indicates that the 
single-phased amorphous alloys cannot be formed due to 
the fractional distillation that occurs among the nickel 
powders which have low melting point and high vapor 
pressure and titanium powders which have high melting 
point and low vapor pressure. When the master alloys 
made from the aforesaid powder compositions are evap- 
orated respectively, each XRD spectrum no longer dis- 
plays a pure Ni peak, which indicates that all the Ni 
content has alloyed with the Ti content. Among these 
compositions, the amorphous degree of particles in the 
30/70 and 40/60 compositions are closer to being com- 
plete. Their energy spectra reveal that the amorphous 
particle compositions range from 30 to 45 atomic per- 
cent of Ni. This indicates that it is also easy for Ni-Ti 
nanoscale particles to form amorphous particles when 
the composition is near Ni-Ti eutectic, similar to the 
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Figure 2. Influence of Inert Gas Pressure (a) and Evaporating Temperature (b) on Formation of Nanoparticles of 
Amorphous Ni-Ti Alloy 





amorphous formation mechanism of the commonly used 
rapid solidification method.’ Because the evaporation 
method produces particles of nonuniform composition, 
and the particle composition greatly affects the degree of 
amorphous formation, it is difficult to make particles 
completely amorphous. After numerous spectrum mea- 
surements, it has been discovered that the particle com- 
positions fluctuate within 20 percent of the master 
alloy’s compositions. The Ni contents of most particles 
are higher than those of the master alloys. When the 
particle compositions deviate farther away from the 
eutectic compositions, their diffractions contain bright 
spots or polycrystalline rings. This pattern indicates that 
the particle is crystalline. For larger particles, they are 
crystalline even within the eutectic range. 


2.3 Effect of Gas Pressure on Formation of Amorphous 
Ki-Ti Alloy Nanoparticles 


Figure 2(a) shows that as the gas pressure decreases, all the 
XRD peaks gradually widen, the crystal peaks gradually 
weaken, and finally, only one widened dispersed peak 
exists, indicating that the particles have become amor- 
phous. When helium pressure is higher than 2 kPa (occa- 
sionally even at | kPa), the particles are all crystalline. 
They tend to ignite during collection. When the gas pres- 
sure is lower than the aforesaid, all particles become 
amorphous, and they do not ignite during the collection 
process. This observation shows that the inert gas pressure 
greatly affects the particle structure. The “a” curve in 
Figure 2(a) is the XRD spectrum of particles obtained in 5 
kPa argon (equivalent to 30 kPa helium). When the inert 
gas pressure is higher, the gas circulation stirred up by the 
temperature difference between the collecting plate and 


the evaporation source will be more pronounced; conse- 
quently, the floating velocity of the particles will be faster. 
It seems that these conditions would promote the forma- 
tion of amorphous particles. Nevertheless, as shown in 
Figure 2(a), low gas pressure is actually promoting the 
formation of amorphous particles. Kaito® measured the 
temperature distribution around the evaporation source. 
He has proved that lower gas pressure raises the tempera- 
ture gradient, which is beneficial to the formation of 
amorphous particles. His finding agrees with the results of 
this investigation. The causes of this phenomenon can be 
explained as follows: possibly under low gas pressure, the 
average freedom of atomic movement is increased, hence 
the reduced probability of collisions of particles while 
moving from the evaporation source to the collecting plate. 
Thus the “resistance” to particle evaporation is reduced, 
resulting in a rapid quenching rate that produces the 
amorphous particles. 


2.4 Effect of Temperature on Formation of Amorphous 
Ni-Ti Alloy N 


As the heating temperature is raised (when the gas 
pressure is lower than a certain value), the particle 
transforms from crystalline to amorphous (Figure 2(b)). 
As the temperature increases, the temperature gradient 
becomes steeper in the upper region of the evaporation 
source, hence the cooling rate of the metal vapor steps 
up. Therefore, high temperatures are beneficial to the 
formation of amorphous particles. Additionally, because 
the vapor pressure of Ti is relatively low, these two 
components can only evaporate synchronously at higher 
temperature in order to avoid the “fractional distilla- 
tion.” Ordinarily, to insure the prevention of significant 
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deviation of the master alloy composition, only a few 
tens of milligram particles are prepared from a few grams 
of the master alloy.” By so doing, the negative influence 
on the formation of amorphous particles due to the 
nonuniform particle composition is reduced as much as 
possible. Each operation in this investigation evaporates 
only a few hundred milligrams of master alloy. We use 
high-temperature evaporation in a short period. The 
evaporation period is one minute or shorter. The high- 
temperature, short-duration evaporation is close to 
“flash evaporation,” which facilitates the synchronous 
evaporation of the various components. The process 
makes it possible to control particle compositions 
through the selection of appropriate master alloys so that 
most of the particle components are in the eutectic 
region, which promotes the formation of amorphous 
particles. Furthermore, higher temperature speeds up 
evaporation, which also benefits the formation of 
amorphous particles. 


2.5 Formation of Amorphous Ni-Ti Alloy Nanoparticles 


The Ni-Ti alloy has a stronger potential to form an amor- 
phous state. Based on theoretical calculations and empirical 
judgment, the cooling rate to form an amorphous state is 
between 10°°C/s and 10°°C/s. The cooling rate for particles 
during evaporation nearly equals the gradient of the tem- 
perature field (where the particle is located) times the 
ascending speed of the particle “smoke.” However, the 
above is based on the assumption that the heat content of 
the particle is very small, and the particles can speedily 
reach the environment temperature at any different time. 
The theoretical calculations” indicate that when a 100 nm 
particle is cooled at a rate of 10°°C/s, the instantaneous 
temperature difference between the particle and the envi- 
ronment is only around 1°C, which satisfies the aforesaid 
condition. Using this method, Yatsuya* has measured that 
at 19,000°C under 20 kPa helium, the particle cooling rate is 
7.8 x 10“C/s. Moreover, a smaller distance D between the 
evaporation source and the collecting plate creates a steeper 
temperature gradient, and in turn a higher cooling rate. 
Based on the aforesaid effects of temperature and pressure 
on the formation of the amorphous particles, we can see that 
both high temperature and low pressure increase the alloy 
evaporation rate, which induces a high cooling rate. In this 
investigation, the distance between the evaporation source 
and the collecting plate is only 3 cm. Under the conditions 
of this investigation, it is estimated that when the cooling 
rate for the particles is in the neighborhood of 5 x 10°°C/s, 
the Ni-Ti nanoparticles become amorphous. 


3. Conclusions 


1. This investigation adopts the gas-phase evaporation 
method to prepare amorphous Ni-Ti alloy nanoparti- 
cles. The best preparation conditions are: composi- 
tion of master alloy, Ni,,Tig,; evaporation tempera- 
ture, 2000°C; and helium pressure, 0.1 kPa. The 
prepared particles are spherical with smooth surface. 
The particle sizes are relatively uniform, with aver- 
aged dimension of about 10 nm. 
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2. The inert gas pressure and the evaporation tempera- 
ture significantly affect the formation of amorphous 
Ni-Ti particles. High temperature and low pressure 
favor the formation of the amorphous Ni-Ti particles. 


3. The composition range of the amorphous Ni-Ti alloy 
nanoparticles by the gas evaporation method is sim- 
ilar to that of the Ni-Ti amorphous ribbon by the 
solution rapid cooling method. Both compositions are 
within the range of eutectic compositions. 
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[FBIS Translated Text] 


Abstract 


Silver powders with the size of 8 nm; copper powders, 16 


nm; and palladium powders, 10 nm are prepared by 
y-ray-irradiation/hydrothermal treatment. The effect of 
experimental conditions on Ag particle sizes is studied. 
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The parameters for preparing Cu powders are deter- 
mined. It is found that the complexation of cupric iron 
with EDTA is favorable for the preparation of relatively 
small nanoscale Cu powders. The final shape of copper 
powder, spherical or acicular, can be controlled by 


changing the preparation parameters. 


[Introduction] 


The conventional method of preparing nanoscale metal 
materials, evaporation in inert gas and then by vacuum 
in-situ compacting, has the following drawbacks: high 
equipment cost, high vacuum requirement, and low produc- 
tion rate. Some investigators'* have conducted research on 
using the y-ray-irradiation method to prepare ultrafine 
metal particles. As the ultrafine metal particles thus pro- 
duced exist in gel state in water solution, further processing 
is needed to collect the ultrafine metal powders. Recently, 
we have found that the hydrothermal treatment method is 
an effective way to collect the nanoscale metal powders from 
the water solution after y-ray-irradiation 


1. Experimental Method 


The solutions are prepared with distilled water mixed 
respectively with analytically pure-grade AgNO;, 
CuSO,5H,O, and PdCl,. A surfactant (dodecyl sodium 
sulfate, polyvinyl alcohol—PVA, or sodium polyphosphate) 
is added into the solution to stabilize the metal gel solution. 
Isopropanol is added to remove the free hydroxide radicals. 
Ethylenedinitrilo tetraacetic acid disodium salt (EDTA dis- 
odium) is added to a portion of the Cu salt solution for 
complexing with the cupric ions. High-purity nitrogen is 
bubbled through each of the prepared solutions to remove 
the dissolved oxygen. The solution is then irradiated in a 
Co field with 2.59 x 10'> Bq. The irradiated solution is 
then loaded into a teflon-coated autoclave, hydrothermally 
treated in an isothermal tank at a temperature between 
105°C and 210°C for a few hours, and then cooled to room 
temperature. The metal powder is collected, and washed 
alternately with distilled water and a 25% ammonia-water 
solution a few times. The nanoscale metal powders are 
obtained after drying. 


The X-ray diffraction test of the powder is conducted on a 
Rigaku Type D/max rA X-ray diffractometer using high- 
intensity CuKa radiation (A = 0.154178 nm) and a graphite 
monochromator. The scanning speed is 0.05°s"'; angle 
range, 20° to 85°. The transmission electron microscope 
(TEM) observation is conducted with a Hitachi H-800 
transmission electron microscope with an acceleration 
voltage of 200 kV. The particle size is determined by 
analyzing the optical density of particle microstructures on 
the TEM photo, with a Perkin-Elmer micro-opacimeter and 
an IBM PC-386 computer. The light absorption test is 
conducted with a UV-240 (ultraviolet to visible light) spec- 
trometer at a wavelength ranging from 190 nm to 900 nm. A 
standard quartz sample holder (1 cm) is used. The test 
reference is distilled water. 
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2. Results and Discussion 


2.1 Nanoscale Ag Powder 


Under y-ray-irradiation, the formation of metallic silver 
particles in the water solution is through the process of 
reduction. The hydrated electrons and the organic free radi- 
cals produced by the irradiation reduce the Ag ions to 
primary particles, namely, Ag clusters, such as Ag,*, Ag,”*, 
Ag,, etc. These short-lived clusters quickly agglomerate and 
grow, and finally Ag gel is formed. The experiments reveal 
that the Ag gel is formed within the first few minutes of 
irradiation. The absorption that occurs at wavelength 400 nm 
(Figure 1) is the light absorption peak of the gel. The fact that 
the 400 nm absorption peak becomes intensified with longer 
irradiation time (i.e., absorption dose) reveals that the quan- 
tity of the Ag gel increases with the duration of irradiation. 
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Figure 1. Absorption Spectrum of Solution at Various 
Time of y-ray-irradiation. Solution: 0.0144 AgNO,, 0.01M 
C,,H,,NaSO,, 0.5M (CH,),CHOH, dose rate: 1.0 x 
10’Gy/min (a) not irradiated (b) 5 minutes (c) 10 minutes 





Figure 2 shows the X-ray diffraction (XRD) spectrum of the 
nanoscale Ag powders made by the y-ray-irradiation/ 
hydrothermal treatment. The Ag powders are made form a 
solution of the following contents: 0.05M AgNO,, 0.1M 
C,,H,,NaSO,, and 6.0M (CH;),CHOH. The solution is 7- 
irradiated with a dose of 2.4 x 1 and then hydrothermally 
treated at 105°C for one hour. The wide diffraction peaks 
indicate that the Ag particles are relatively small. The average 
particle size L{nm) is calculated from the Scherrer equation: 
L = KA/Bcos0 

where A (nm) represents the X-ray wavelength; 6 
(degree), the Bragg angle; and K = 1, the Scherrer 
constant. The half peak width B is calculated from the 
Warren and Biscoe equation [7]. 
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B? = B- -b? 


where B and b are the half peak widths of the test specimen and the standard specimen, respectively, with the rad as 
unit. The standard specimens are Ag, Cu, and Pd powders of analytic pure grade that have been annealed at high 
temperature in argon Table | displays the calculated results. 
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Figure 2. XRD Pattern of Ag Powder Prepared From Solution of 0.051 AgNO,, 0.1M C,,H,.NaSO,, 6.0M 
(CH,),CHOH, dose: 2.4 x 10“Gy: hydrothermally treated at 105°C for 1 hour 




















Table 1. Effect of Test Conditions on Ag Particle Size Prepared 
























































Sample No. Solution Dose 10“Gy Hydrothermal treatment Size am 
Temperature*C Time, hours 
0.1M AgNO3+4.0M (CH3)2?CHOH 1.8 105 3 47 
2 0.1M AgNO3+4.0M (CH3)2?CHOH+0.1M 4.3 105 2 13 
C12H25NaSO4 
3 0.05M AgNO3+6.0M (CH3)2CHOH+0.1M 3.0 105 1 15 
C12H25NaSO4 
4 2.4 105 1 
5 1.1 105 1 
6 0.77 105 1 10 
7 - 1.1 Naturally ppted 23 
8 1.1 150 1 31 
9 il 150 26 35 
10 1. 210 1 43 
11 0.05M AgNO3+6.0M (CH3)2?CHOH+0.2M 3.0 105 1 13 
Cj 2H25NaSO4 
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Figure 3. TEM Microphotographs of Nanocrystalline Ag Powder. (a) Solution: 0.144 AgNO,, 0.1M C,,H,.NaSO,, 
4.0M (CH,),CHOH; dose: 4.3 x 10*Gy: hydrothermally treated at 105°C for 2 hours; (b) Solution: 0.05M AgNO,, 
0.1M C,,H,.NaSO,, 6.0M (CH,),CHOH; dose: 1.1 x 10“Gy: hydrothermally treated at 105°C for 1 hour 





Figure 3 shows that the nanoscale Ag particles of Speci- 
mens 2 and 5 are spheres with a size distribution from 5 
nm to 40 nm. 


With an opacimeter, it has been precisely determined 
that the particle size of Specimen 2 ranges from 6 nm to 
40 nm. The highest percentage, 35 percent, is in the 
range of 10 nm to 15 nm. The averaged particle size is 16 
nm (Figure 4), which is approximately the same size (13 
nm) as calculated from the half peak width of the XRD 
spectrum. 
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Figure 4. Particle Size Distribution of Ag Powder in 
Figure 3(a) 

















Table | shows that the Ag powder particle size is greatly 
influenced by the superfuctant. Under the same condi- 
tions the Ag particle size decreases when the content of 
dodecyl sodium sulfate is higher. The particle size of 
Specimen 1, absent the dodecyl sodium sulfate, is 47 nm; 
while that of Specimen 2, with 0.1M of dodecyl sodium 
sulfate, is reduced to 13 nm. 


The experiments show that when PVA or sodium poly- 
phosphate is used instead of dodecyl sodium sulfate as the 
surfactant, the growth of Ag particle clusters is not effec- 
tively prohibited. The particle size of Ag made from either 
agent is about 50 nm, which is much larger than 8 nm, the 
particle size of Ag made with dodecyl sodium sulfate. 


When the y-ray-irradiation dose is increased from 7.7 x 
10°Gy to 2.4 x 10*Gy, the change of Ag powder size is 
not significant (from 10 nm to 8 nm). When the dose is 
increased to 3.0 x 10*Gy, the Ag particle size increases to 
15 nm (Specimen 3). 


The experiments show that the gel solution turns grayish 
black after y-ray-irradiation, and there is no noticeable 
precipitation after a few days. But beyond a week, black 
precipitation appears at the flask bottom. Table | reveals 
that 23 nm is the particle size of Ag spontaneously 
precipitated from the solution mixture of 0.05M AgNO,, 
0.1M C,,H,,NaSO,, and 6.0M (CH,),CHOH (Speci- 
men 7). But after irradiation and hydrothermal treat- 
ment at 105°C for one hour, the particle size is reduced 
to 9 nm (Specimen 5). The Ag particle size increases with 
the increase of hydrothermal treatment temperature or 
treatment duration. For instance, particle size of the 
aforesaid irradiated solution is 31 nm (Specimen 8) after 
hydrothermal treatment at 150°C for one hour; 35 nm 
(Specimen 9), for 26 hours; and 43 nm (Specimen 10), at 
210°C for one hour. Therefore, the best hydrothermal 
treatment condition is at 105°C for one hour. 


2.2 Nanoscale Cu Powder 


As calculated from the XRD spectrum, the Cu powders 
prepared from the solution of 0.01M CuSO,, 0.1M 
C,,H,,NaSO,, and 3.0M (CH;),CHOH have an averaged 
particle size of 67 nm, and contain impurity Cu,O. When 
the solution is mixed with 0.01M of EDTA disodium, the 
averaged particle size of the Cu powder product is reduced 
to 16 nm and the particles contain less Cu,O. The smaller 
size is possibly due to the slower reduction rate induced by 
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Figure 5. TEM Microphotographs of Nanocrystalline Cu Powder. (a) Solution: 0.01414 CuSO,, 0.1M C,,H,,NaSO,, 
3.0M (CH,),CHOH; 0.01M EDTA; dose: 3.6 x 10“Gy: hydrothermally treated at 110°C for 2 hours; (b) Solution: 
0.01M CuSO,, 0.01M EDTA, 0.02M C,,H,,NaSO,, 3.0M (CH,),CHOH; the same condition as in Figure 5(a). 





the complexation of Cu ions and EDTA. The impurity can 
be removed by washing the powder product with a 25% 
ammonia solution, which forms the disposable Cu(NH,),° 
complex ions with Cu,O. 


The test conditions and results of replacing dodecyl sodium 
sulfate with PVA are as follows: the solution, 0.01M CuSO, 
,0.01M EDTA, 3.0M (CH,),CHOH, and 0.0062M PVA; the 
y-ray-irradiation dose, 3.6 x 10“*Gy; and the hydrothermal 
treatment, at 110°C for two hours. The prepared Cu pow- 
ders have an averaged size of 25 nm, and contain no Cu,O. 


The solution after y-ray-irradiation appears to be red. 
The product is brownish-black powder. Under y- 
ray-irradiation, the solution produces hydrated electrons 
and organic free radicals, which rapidly reduce Cu?* to 
Cu*, and the Cu* ions are further reduced by the 
hydrated electrons to Cu atoms. The Cu atoms can first 
form into small atom clusters, and further gather into 
large Cu,, agglomerate. The Cu, serves as nuclei for the 
formation of Cu gels. The Cu* disproportionate reaction 
proceeds on these nuclei as follows: 


Cu,, + 2Cu* = Cu,,, + Cu”* 


The Cu gel is formed through two spontaneous pro- 
‘cesses: disproportionate reaction and agglomeration. 


Besides, there is another reaction which competes with these 
two processes. The pH value of the solution containing 
dodecyl sodium sulfate as the surfactant is close to 4; hence, 
CuOH, which is difficult to dissolve in the solution, is 
formed. When pH 7-4, CuOH rapidly dissociates to Cu,O. 
When dodecyl sodium sulfate is replaced with PVA, the pH 
value of the solution decreases. As a result, CuOH is 
difficult to form, hence Cu,O does not exist. 


Figure 5 shows that the Cu particles prepared from the 
solution of 0.01M CuSO,, 0.01M EDTA, 0.1M 
C,,H,,NaSO,, and 3.0M (CH;),CHOH are spherical 
(Figure 5(a)). When the concentration of C,,H,,;NaSO, 


is 0.02M, in addition to the spherical particles, some 
acicular Cu particles (Figure 5(b)) also appear. 


Under optimum conditions, the Cu powder production 
rate can reach about 70%. The production rate can be 
further raised with higher irradiation doses. 


2.3 Nanoscale Pd Powder 


The preparation parameters of Pd powder are as follows: 
solution composition, 0.01M PdCl,, 0.05M 
C,,H,,;NaSO,, and 3.0M (CH,;),CHOH; y7- 
ray-irradiation dose, 8.8 x 10*Gy; and hydrothermal 
treatment, at 110°C for one hour. The final product is 
black-colored pure Pd powder. Based on its XRD spec- 
trum, the averaged powder size as calculated with the 
Scherrer equation is 10 nm. 


3. Conclusions 


The y-ray-irradiation/hydrothermal treatment method is an 
effective way to prepare nanoscale metals. From the 
AgNO,, CuSO,, and PdCl, solutions, 8 nm Ag, 16 nm Cu, 
and 10 nm Pd powders are, respectively, prepared. The 
technology includes the following processes: first, the solu- 
tions are mixed with dodecyl.sodium sulfate of respective 
concentrations as the surfactant; then the solution mixtures 
are treated with y-ray-irradiation of respective doses; 
finally, each solution mixture is hydrothermally treated at 
105°C to 110°C for 1 to 2 hours. This method can be used at 
room temperature and under normal pressure. It costs less, 
and its production rate is high. 
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[FBIS Translated Text] 


Abstract 


Nanocrystalline Fe-Zr-B alloys are prepared by annealing 
alloys of the same compositions in amorphous state at 
different temperatures, respectively. Their thermal expan- 
sion curves and saturated magnetic intensities at various 
temperatures are measured. Preliminary results show that 
the formation of nanocrystals causes drastic increase of the 
thermal expansion coefficient at below the Curie tempera- 
ture (T.), and the saturated magnetic moment at below 77K. 
The alloy thermal expansion coefficient at above T, does 
not change with the annealing temperature. The invar effect 
is used to explain the test results. 


[Introduction] 


Suzuki, et al.,' have reported that nanocrystalline Fe-Zr-B 
alloys can be prepared from the amorphous alloys by 
proper annealing. The alloys thus prepared have superior 
soft magnetic properties. In the same composition, the 
nanocrystalline alloy has much higher magnetic induction 
intensity and permeability. The structured study? shows 
that the nanocrystalline Fe-Zr-B alloy is composed of a-Fe 
phase crystals of about 10 nm, and crystal boundary phase 
similar to the disordered amorphous structure. 


It is known that the Fe-Zr matrix amorphous alloys have 
outstanding invar effect.>> The alloys have abnormally 


small thermal expansion coefficient at below the Curie 
temperature. Invar effects are closely related to the magnetic 
properties of alloys. Generally, the invar effect lowers the 
Curie temperature and the magnetic moment of an alloy. It 
is very meaningful to study how the invar effect is influ- 
enced by the alloy transformation from the amorphous state 
to the nanocrystalline state. This investigation reports the 
results of the effects of nanocrystal formation on alloy 
thermal expansion and magnetic properties. 


1. Experimental Work 


The amorphous Fe, ,Zr,B, and Fe,,Zr,.B, alloys are made 
in argon with a vacuum single-roll rapid cooling device. 
The strip thickness is 20 pm to 30 ym; and width, 1.5 mm. 
Each amorphous specimen is vacuum sealed in a quartz 
tube, which is placed in a furnace heated rapidly to the 
specified temperature for one hour, and then rapidly 
quenched in water to room temperature. The annealing 
temperature is 573K to 923K. X-ray diffraction test 
(XRD) is used to study the structure of the amorphous and 
nanocrystalline specimens, differential scanning calorim- 
eter (DSC) for the crystallization behavior, and differential 
transformer® for the thermal expansion curve. A 50- 
mm-long strip specimen is straightened with a tensile force 
of 10 g/mm? applied with a precision balance. The sensi- 
tivity of the thermal expansion measurement is 0.5 pm. 
The magnetization curves at below 77K, and the thermal 
magnet curves of the amorphous alloy in a magnetic field 
of 8 x 10°A/m are measured with a vibration specimen 
magnetometer (VSM). The precision of magnetic moment 
measurement is 2 x 10° emu. The Curie temperature is 
determined from the thermal magnetic curve. 


2. Results and Discussion 


2.1 Crystallization and Microstructure 


Figure 1 shows that there is a exothermic peak of the 
amorphous Fe,,Zr,B, alloy within the range of 760K to 
800K. Figure 2 shows that the exothermic peak origi- 
nates from the structure phase transformation from the 
amorphous phase to the bec phase. Figure 2 also shows 
that the specimen maintains its single amorphous phase 
when annealed at below 673K, but crystallizes to single 
a-Fe solid solution when annealed within the range of 
773K to 973K. The averaged a-Fe crystal size is less than 
15 nm as calculated from the half-peak width of the (211) 
peak by the Scherrer equation. 


2.2 Thermal Expansion and Magnetic Properties 


Figure 3 shows that the thermal expansion coefficient of 
the amorphous Fe, ,Zr,B, specimen is negative at below 
T, and demonstrates obvious invar characteristic. Figure 
4(a) shows that when the annealing temperature is below 
673K, the average thermal expansion coefficient & 
remains constant (@ = -3.8 x 10°K"'). In the narrow 
annealing temperature range of 673K to 773K, & drasti- 
cally increases to 5 x 10°K"'. When T, is raised to 923K, 
& gradually increases to 6 x 10°K-'. Comparing Figure 
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Figure 1. DSC Curves of Amorphous Alloys (a) 
Fey, Zr,B, (b) Feg,Zr,oB, 
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Figure 2. X-ray Diffraction Patterns of Amorphous 
Fe,,Zr,B,, As-Quenched and Annealed for 1 Hour at 
Various Temperatures 














4(a) with Figure 2, we can see that the annealing temper- 
ature range for the rapid increase of & is the same as the 
temperature range for the amorphous phase to transform 
to the bec phase. This indicates that the rapid increase of 
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& is caused by the phase transformation from the amor- 
phous state to the a-Fe solid solution. Figure 4(b) also 
shows that at 77K the relationship between the saturated 
magnetic moment o, and T, is very similar to that 
between &@ and T,. Both observations indicate that the 
invar effect tends to decrease with increase in the 
annealing temperature. We can presume that the forma- 
tion of a-Fe crystals destroys the magnetic mechanism 
which produces the invar effect in the amorphous alloy, 
hence weakening or eliminating the invar effect of the 
nanocrystalline alloys. Besides, it is worth noting that for 
the amorphous specimen and all the annealed speci- 
mens, all of their thermal expansion coefficients at above 
T, are practically the same. This phenomenon is due to 
the fact that thermal expansions within the warm para- 
magnetic zone at above T, result only from the anhar- 
monic vibration of atoms, not from the invar effect. This 
investigation shows that for the amorphous or the nanoc- 
rystalline Fe,,Zr,B, alloys, their thermal expansions 
caused by the anharmonic vibrations of atoms alone are 
almost identical. The above results differ from the obser- 
vations on Ni-P nanocrystalline alloys made by the 
similar method.’ The thermal expansion coefficients of 
nanocrystalline Ni-P alloys are about 50 percent higher 
than those of the amorphous alloys of the same compo- 
sitions. The fact that the & of Fe,,Zr,B, at below T, 
varies with the change of T, can be explained by the 
coexistence of the amorphous phase and the bcc phase. 

Suzuki, et al.,? have proved that the amorphous thin 
layers exist in the grain boundaries of the bcc phase. 

Assuming that a, and 4, represent the thermal expansion 
coefficient of the amorphous phase containing invar 
effect, and that of the bec phase containing no invar 
effect, respectively, the @ of the annealed specimen can 
be calculated from the following equation: 


& = Va, +(1-V) A, (1) 


where V is the volume fraction of the amorphous phase, 
or the grain boundary phase. Because the thermal expan- 
sion coefficients of the bec phase and the amorphous 
phase are the same at above T., and not affected by the 
invar effect, the averaged thermal expansion coefficient 
at above T. can be assumed to be a,. For example, from 
equation (1), the V value is estimated to be about 20 
percent to 30 percent for the specimen annealed at below 
873K. This result is basically consistent with the result 
estimated from the relationship from the magnetization 
intensities and temperature variations.” 





2.3 Effect of Composition 


The DSC curve of the amorphous Fe,,Zr,.B, alloy is 
shown in Figure |. The crystallization temperature of the 
amorphous Fe,,Zr,,.B, alloy is higher than that of the 
Fe,,Zr;B, due to the increase of B and Zr contents. 
Figure 5 reveals that the crystallization production of the 
amorphous Fe,,Zr,.B, alloy contains a-Fe solid solution 
nanocrystals and Fe,(Zr,B) compound. This structure is 
different from the a-Fe single-phase structure which is 
formed by the crystallization of the amorphous 
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Figure 3. Thermal Expansion Curves of Amorphous 
Fe,,Zr,B,, As-Quenched State and Annealed for 1 
Hour at Various Temperatures 





Fe,,Zr,B, alloy. For the Feg.Zr, .B, alloy, the relation- 
ship between T, and @ at below T, as well as the 
relationship between T, and o, at below 77K are similar 
to those of the Fe,,Zr,B, alloy. However, at above T,, 
the thermal expansion behaviors of these two alloys are 
different. The thermal expansion coefficient of the 
Fe,.Zr, 9B, specimen in the annealed state is smaller 
than that of the amorphous state alloy, but it increases 
with the increase of T,. The thermal expansion curves of 
Fe,.Zr, 9B, specimens annealed at different tempera- 
tures are similar to the curves in Figure 3. The ratio of 
the Fe,(Zr,B) fraction to the a-Fe fraction decreases with 
an increase in T,. The above observation can be 
explained under the assumption that the thermal expan- 
sion coefficient of the Fe,(Zr,B) compound is smaller 
than that of the a-Fe solid solution or that of the 
amorphous alloys. 
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Abstract 


Various types of nanocrystalline silicon powders are 
synthesized from high-purity SiH, by high-power CO, 
laser-induced gas phase reactions. The averaged particle 
size varies between 10 nm and 120 nm. The ratio of the 
mean crystal grain size and the particle size is between 
0.3 and 0.7. The particles are spherical and uniform in 
size, but some of them are sintered together. The powder 
size increases as the laser power and the reaction pres- 
sure are raised. The particle size becomes smaller with an 
increase in the flow rates of silane and the diluting gas, 
argon. The crystal grain sizes are not sensitive to the 
silane flow rate and reaction pressure, but show obvious 
decrease when the laser power is reduced and the argon 
content is increased. The formation of silicon particles is 
‘a process of single-crystal growth and collisions among 
these single crystals. 


1. Introduction 


At present, in ceramics research, the preparation and 
application of nanoscale structural ceramics have 
attracted much interest. It has been noted that the 
nanoscale structure in structural ceramics can highly 
promote material ductility and strength.' Past research 
has shown that nanoscale Si,N, made by nitriding the 
silicon powders prepared from laser-induced silane reac- 
tion has low density, yet possesses unexpected ductility 
and strength.? This is because the nanoscale silicon 
powders synthesized by the laser-induced gas phase 
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reaction have superior powder properties such as high 
purity, good dispersiveness, small size, and compara- 
tively high activated nitrogen adsorption.’ These advan- 
tages greatly improve the nitriding behavior of silicon 
particles,‘ and significantly lower the sintering tempera- 
ture. Both factors benefit the formation of Si,N, with 
nanoscale structure. 


These characteristics of the laser-synthesized silicon 
powder make it worthwhile to further develop research 
on the production process. Haggerty, et al., have made a 
preliminary study of the process of preparing silicon 
powder from silane by laser-induced synthesizing reac- 
tions. They have not studied the pattern and the control 
mechanism of powder formation. Moreover, the silicon 
powers produced by them have serious agglomeration. 
This investigation studies how the parameters in the 
manufacturing of nanoscale silicon powders from SiH, 
by the laser-induced gas phase synthesizing reaction 
affect the control pattern of particle size and crystal size, 
as well as the formation process of the particles. 


2. Experimental Method 


The powder synthesis experiments are conducted with a 
kilowatt-class CO, laser and kilogram-class powder- 
making device. The powder synthesis theory is listed in 
Reference 6. The fixed parameters of the experiment are: 
diameter of the laser spot, 5.5 mm; gas nozzle diameter, 
4 mm; and distance between the center of the light spot 
and the nozzle, 2.5 mm. The variable parameters are 
silane flow, laser power, reaction pressure, and the argon 
addition quantity. 


The product characteristics are studied with the transmis- 
sion electron microscope (TEM), Brunauer-Emmet-Teller 
(BET) method for specific surface area), and X-ray diffrac- 
tion (XRD) method. The particle average size (d) is 
calculated from silicon density (p) and BET value (o) in the 
equation d= 6/(p x o). The crystal size is obtained with the 
Stock method from the half-height width of the (422) peak 
in the silicon XRD spectrum. The relative error of the 
crystal size measurement is less than 0.5 percent. 


3. Test Results 


3.1 Typical TEM Topography of Silicon Powder 


Under different synthesis parameters, the silicon powder 
product appears yellowish-brown. The powder produc- 
tion rate varies between 20 g/h and 80 g/h, depending on 
the silane flow rate and the dissociation efficiency of the 
reaction gas. 

Figure | shows a typical TEM topography of the silicon 
powders. The powder shapes are spherical, and their 
particle sizes are uniform, but some powders are sintered 
together. In part, the sintered particles probably result 
from the fact that the fluctuating reaction gas causes the 
inelastic collisions among the freshly formed particles 
with high surface temperature when they gush out of the 
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reaction zone. From the micrograph, the averaged par- 
ticle size is estimated to be 100 nm, which is close to the 
particle size 101.3 nm obtained from BET o =25.4 m?/g). 
The micrograph indicates that the particles have good 
dispersiveness with uniform powder particle size. The 
XRD measurements reveal that the particle structure is 
polycrystalline with crystal grain size of 37. 
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Figure 1. 





cal TEM Micrographs of the Si Powders 
Synthesized Under Laser Power of 400 W, SiH, Flow 
Rate of 885 sccm and Reaction Pressure of 1 atm 





3.2 Effect of Experimental Parameters on Formation of 
Powder Particle 


The experiments reveal that the powder particle size and 
the crystal grain size are affected by the independent 
variation of each of the following parameters: silane flow 
rate, laser power, reaction pressure, and argon volume. 
The averaged particle size increases with an increase in 
laser power and reaction pressure (Figures 2 and 3), and 
decreases with an increase in the silane flow rate and the 
mol ratio of argon to silane (Figures 3 and 4). The crystal 
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Figure 2. The Influence of Reaction Pressure on the 
Grain and Particle Sizes of Si Powders, and Reaction 
Temperatures Under Laser Power of 800 W and Silane 

Flow Rate of 885 sccm 
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size has a relatively narrow variation range, and is not 
sensitive either to the reaction pressure) or to the silane 
flow rate, but shows obvious changes as affected by laser 
power and the mol ratio of silane to argon. 













@ particle 


@ grain 
P, -700W 


Mean grain and pusticle diameter (nm) 








1 2 3 4 } 
{Ar JV/{sin.) mole ratio 

Figure 3. The Influence of [Ar}/[SiH,] and Laser Power 
(P,) on the Grain and Particle Sizes of Si Powders 

Under Reaction Pressure of 1 atm and Total Gas Flow 

Rate of 885 sccm 














Figure 5 shows the widening of the XRD peaks of 
powders induced from the change of crystal size, which 
in turn results from laser power change. 


We can see that the obvious widening of the diffraction 
peaks, namely, the obvious reduction of crystal sizes, is 
due-to the lowering of the laser power. 
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Figure 4. The Influence of Silane Flow Rate on the 

Grain and Particle Sizes of Si Powders, and Reaction 

Temperatures Under Reaction Pressure of 1 atm and 
Laser Power of 1000 W 
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Figure 5. XRD Peak Broadening Effect Due to the Change 
of Grain Sizes of Si Powders With the Change of Laser 
Power (A) 700 W (B) 400 W (C) 200 W 
Rate of 885 sccm and Reaction Pressure of 1 














The calculations show that the ratio of crystal grain size 
to particle size is between 0.3 and 0.4 when no argon is 
added and the laser power is relatively high. On the other 
hand, the ratio is between 0.6 and 0.7 when argon is 
added and the power is relatively low. This observation 
indicates that low laser power density and argon mixing 
promote the formation of single-crystal particles. 


4. Discussion 


Cannon, et al.,° believe that the formation of silicon 
particles from the laser-induced silane gas synthesis 
reaction proceeds as follows: The silane gas rapidly 
decomposes under the concentrated laser heat and pro- 
duces supersaturated silicon gas. The gas phase uni- 
formly condenses into nuclei, which grow evenly in the 
silicon-atom-vapor environment. The particles stop 
growing when they gush out of the reaction zone.° Thus, 
particles with this growth mechanism should have single- 
crystal structure. 


Based on the fact that the silicon particles have polycrys- 

‘talline structural characteristics, and that the experi- 
mental parameters affect the crystal sizes and particle 
sizes in an orderly manner, we can infer that the forma- 
tion of silicon particles proceeds in two stages: the stage 
of single-crystal growth; and the subsequent stage of 
inelastic thermal collisions among particles. The single- 
crystal particle growth depends mainly on the silicon 
atom density in the reaction zoe, yet the final particle 
sizes are determined by the thermal collision rates 
among the single crystals. The collision rate is greatly 
affected by the reaction temperature. 


The effect of varying the silane flow rate indicates that a 
higher flow rate does not increase the silicon atom 
density, therefore there is little variation of crystal sizes. 
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However, because the increased flow velocity and low- 
ered reaction temperature greatly reduce the inelastic 
collision frequencies of the single-crystal particles, par- 
ticle sizes become conspicuously smaller (Figure 4). 


A lower reaction pressure clearly reduces the silicon flow 
speed, and raises the reaction temperature. These factors 
induce higher thermal collision rates and noticeably 
increase the particle size (Figure 2). Higher laser power 
speeds up the silane dissociation rate, and enhances the 
silicon vapor concentration; as a result, the crystals grow 
much larger. The argon addition lowers the silicon vapor 
concentration and distinctly reduces the crystal size. Figure 
3 shows that lower laser power and higher argon quantity 
make the particle size approach the crystal size. This is due 
to the fact that changes in these two parameters result in a 
decrease in thermal collision frequencies of the single 
crystals, a factor that favors single-crystal growth. 


5. Conclusions 


5.1 This investigation synthesizes different silicon pow- 
ders with averaged particle size ranging from 10 nm to 
120 nm and the ratio of crystal size to particle size in the 
range of 0.3 to 0.7. The particles have spherical shape 
and are uniform in size, but some of the particles are 
sintered together. 


5.2 The silicon powder particle sizes increase with an 
increase in reaction pressure and laser power, but decrease 
with an increase in silane flow rate and the diluting gas 
argon. The crystal size changes little with the variation of 
silane flow rate and reaction pressure, but clearly decreases 
with low laser power and large argon addition. 


5.3 The formation of silicon particles proceeds in two 
stages: the uniform growth of single-crystal particles and 
the merging growth from the inelastic thermal collision 
among these particles. The growth of single-crystal par- 
ticle is controlled by the silicon atom density in the 
reaction zone. The particle sizes are controlled by the 
reaction temperature and the thermal collision rate 


among the particles. 
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